Summary &horbar; The results of three successive experiments were compared in order to analyse the chronology of absorbed energy amounts resulting from enzymatic or microbial digestion, respectively. These experiments were undertaken in the pig to study the absorption kinetics of reducing sugars and amino-nitrogen formed during enzymatic digestion and of volatile fatty acids (VFA) formed through the action of the digestive flora. The animals were given well-balanced semi-synthetic diets containing poorly digestible or indigestible carbohydrates. These diets contained the following ingredients: (ExperimentA) purified cellulose at two levels of incorporation (LC diet 6%, HC diet 16%); (Experiment B) alfalfa meal (22%) supplying 6% crude fibre (HA diet) versus lactose (22%) with an addition of 6% purified cellulose (HL diet); (Experiment C) sorbitol in the form of maltitol (53%) with an addition of 6% purified cellulose (SHyd diet) versus maltose under the same conditions (53%, SNat diet). Each 
INTRODUCTION
The amplitude and chronology of the breakdown of feeds in the pig's small intestine vary according to their composition and physicochemical nature. Thus, the residues from enzymatic digestion contain virtually all the fibrous carbohydrates initially present and various amounts of other carbohydrates and proteins. These residues reach the hindgut after a time lag that depends on their transit time and some of them act as substrates for the gut microflora which carry out anabolic (formation of microbial proteins) or catabolic (formation of amines, volatile fatty acids and various gases: C0 2 , CH 4 , H 2 ) processes (R6rat, 1978, 1981a) .
Variations in the quantities of organic acids along the pig's digestive tract have been well established in vivo. Only small amounts of these occur in the stomach and lactic acid accounts for over half the amount present (Étienne, 1969; Cranwell et al, 1976) . The concentrations are low in the small intestine but increase suddenly in the caecum and even more so in the colon (Clemens et al, 1975) where they may reach 200 mmol/L, ie, ten times as high as in the stomach. The concentrations in the hindgut vary widely according to the amount of time elapsed since the previous meal.
Volatile fatty acids (VFA) account for 98% of all organic acids occurring in the hindgut (Clemens et al, 1975) . Their composition is usually a mixture of acetic, propionic and butyric acids (55, 34 and 11 %, respectively, according to Argenzio and Southworth, 1975) . Once the VFA production systems have reached full development, these proportions change very little with age (Kass et al, 1980) .
The production of organic acids varies with the type and amount of carbohydrates in the diet. An increase in the dietary level of crude fibre in the pig usually increases the amount of VFA in the distal part of the digestive tract (Gargallo and Zimmerman, 1980; Kass et al, 1980; Stanogias and Pearce, 1985) , although this is controversial (Argenzio and Southworth, 1975;  Kennelly et al, 1981 The amount of fibre in the diet affects the composition of the VFA mixture, either by increasing (Kass et al, 1980) or by decreasing (Gargallo and Zimmerman, 1980 ) the amount of acetic acid at the expense of butyric and propionic acids. Oat bran results in a higher proportion of butyric acid in large intestinal content compared with an oat flour diet (Bach Knudsen et al, 1993) . VFA production also depends on the type of starch in the diet and on how it has been processed. For instance, the intake of raw potato starch (Ledinek, 1970; Koch et al, 1972) , which increases the amount of dry matter and starch in the hindgut compared with cooked potato starch, increases the amount of VFA produced but the VFA composition remains unchanged. Increasing the amount of molasses in the pigs' diet increases the VFA content, especially the acetate content (Ly, 1994) . The conclusion resulting from these studies is that the amount and type of VFA produced in the hindgut varies according to the level of intake and diet composition.
The production of VFA is followed by absorption, as indicated by their presence in the portal blood (Topping et al, 1985) and quantified by measuring portal-arterial concentration differences and blood flow in the portal vein (R6rat et al, 1985 , 1987 Yen et al, 1991 ) .
In the pig, transport of VFA by the caecum and colon mucosae is faster than by the gastric mucosa: the absorption is efficient (Argenzio and Southworth, 1975) and complete (Farrell and Johnson, 1972) . A VFA mixture appears along the various stages of the efferent intestinal blood and the concentrations are highest in the coecocolic blood (Barcroft et al, 1944) . The VFA profile has been measured in the peripheral blood of pigs (McClymont, 1951 in the portal blood (Friend et al, 1964) and more recently in both the arterial and portal blood (R6rat et al, 1985; Topping et al, 1985; Yen et al, 1991 ) . Significant amounts of these substances are used by the enterocytes for their own metabolic needs during transport (Ly, 1974; Imoto and Namioka, 1978a, b) . Almost all of the propionic, butyric and valeric acids are taken up by the liver, which uses part of the acetic acid only (Giusi-P6rier et al, 1989; R6rat et al, 1987 (Heller and Kern, 1968) . Although the amounts absorbed during the postprandial period are quite high (20-30 g within 8 h according to R6rat et al, 1978) , it should be borne in mind that part of the lactic acid is produced by the metabolism of the gut wall along the gastrointestinal tract (Windmueller and Spaeth, 1978) . This is responsible for 76-88% of the lactic acid produced during the postprandial period and 59-72% during fasting, according to the diet .
Absorption of VFA along the digestive tract, like its production, depends on the frequency of meals (R6rat et al, 1987) and on the diet. This is demonstrated by calculating VFA balances in the portal blood (GiusiPerier et al, 1989; For these reasons, the absorption balance studies carried out in pigs fed different diets which were likely to produce large ileal residues (lactose, cellulose, sorbitol: Giusi-P6rier et al, 1989; were revisited and completed with chronology studies on the absorption of VFA and RS and the resulting metabolizable energy.
MATERIALS AND METHODS
Three successive experiments (A, B, C) were carried out (Giusi-P6rier et al, 1989; Rérat et al, 1993) (Hoffman, 1937) , lactic acid (Minaire et al, 1965) , D -lactic acid (Gawehn and Bergmeyer, 1974) , sorbitol (Bergmeyer et al, 1974) and VFA (Giusi, 1986; Giusi-P6rier et al, 1989 (Hodgman, 1959) (Charlet-Lery, 1964 The concentration curves (Giusi-P6rier et al, 1989; show that differences between the RS contents of portal and arterial blood were the largest during the first few hours following intake, corresponding to the peak absorption period (figs 1-3). However, the differences in the VFA concentrations occurred later. Maximum values were reached between 6 and 24 h after the meal in the starch-rich diets (LC and HC), between 3 and 10 h in the lactose-based diet (HL) and between 4 and 12 2 h in the maltitol-based diet (SHyd). In the SHyd diet, the differences between portal and arterial blood remained three times as high 12 h after the meal as at 1 h, suggesting that the values would remain high during the hours that followed. In order to take into account these differences in the chronology of RS and VFA absorption, the postprandial period (0-12 h) was arbitrarily divided into two subperiods (0-4 h and 5-12 2 h) for analysing the absorption of the various forms of metabolizable energy. The total energy absorption rate was higher during the first 4 h after the meal than during the following period (5-12 h) ( (R6rat et al, 1990) and 13-17 g/h (R6rat et al, 1992) . Uptake by the gut wall also accounts for much of the nitrogen absorption (as much as 30-44%: R6rat, 1988; R6rat et al, 1992) . Similarly, the VFA uptake may be as high as 0.90 pmol per g of intestinal tissue (Ly, 1974) . The main practical limitation is the length of time the blood sampling period can last. Digestion of diets containing large amounts of starch or other complex carbohydrates by the small intestine may last as long as 15-18 h after the meal (R6rat, 1982) . Similarly, the transit time in the hindgut of a pig lasts 29 h on average (Hecker and Grovum, 1975) . Appropriate experiments for obtaining quantified absorption balances after an experimental meal would have to last 18 h in order to study the nutrients derived from enzymatic digestion and 48-50 h for the bacterial metabolites.
However, differences between the concentration curves of RS and amino nitrogen in portal and arterial blood become small as early as after 12 h. On the other hand, the differences in the VFA curves reach their maximum before 12 h only under some diets (LC, HL, HA, SNat). Under the maltitolbased SHyd diet, the differences become maximum 12 h after the meal, whilst under the cellulose-rich HC diet, they increase by 20% after 12 h (Giusi-Perier et al, 1989; Briefly, it should be stressed that VFA and lactic acid contributed poorly to the energy supply and did not compensate for the energy absorption deficit caused by the presence of carbohydrates that are weakly digested or absorbed in the small intestine. In addition, the low energy supply of VFA was partly due to the preliminary fasting duration (19 h). It is known that fermentation in the hindgut results from the residues of several previous meals in addition to those from the last meal (Hecker and Grovum, 1975) . Leaving out one meal therefore depresses the basal VFA production rate (R6rat et al, 1987) . However, this does not explain why the VFA absorption was poorer than in previous experiments performed after 24 h of fasting (R6rat et al, 1987; Yen et al, 1991 This divergence probably appeared because semi-synthetic diets were used in the present study, whereas R6rat et al (1987) (R6rat et al, 1984) . These differences probably depend on how the diet affects the length of gastric emptying, on the hydrolysation speed of the molecules according to their complexity (starch vs maltose), and on the nature and amount of enzyme secretion (amylase vs maltase). Lactic acid also appeared early within the portal blood but provided far less energy than RS. In the experiment where the D and L isomers were analysed separately, almost all the lactic acid was L -lactic acid, which agrees with previous experiments where most (87-93%) of the lactic acid absorbed during the first 5 h after the intake of a diet containing corn starch and fish meal was L -lactic acid . Since D -lactic acid is produced by microbial fermentation only (Giesecke and Stangassinger, 1980) , virtually all the lactic acid that appeared in the portal blood had a metabolic origin. Its absorption can be related to the secretory, motor and absorptive activities of the digestive tract, which are very intense during the first hours following a meal.
Another point is that not much VFA was formed or absorbed during the first 4 h after a meal. The small amounts that appeared were due to the fermentation of residues from previous meals. Leaving out one of the previous meals further reduces the amount of VFA formed (R6rat et al, 1987) . VFA, therefore, contributed little to the total energy supply: 1.6% with the highly digestible maltose-based diet (SNat) to 6.1 % with the starchy diet with a high cellulose content (HC).
Later, from 5 h after a meal and onwards, when the absorption of RS and lactic acid was greatly reduced, increasingly large amounts of VFA appeared in the portal blood, to an extent that was dependent on the diet. The VFA contribution to the energy supply, which was minor with highly digestible diets based on maltose (SNat) or with a high starch content (LC), was quite large for diets containing large amounts of lactose (14.4%), pure fibre (14.3%) or maltitol (23.3%), whose sorbitol fraction is only weakly absorbed by the small intestine. These last three diets introduced large amounts of non-fibrous, easily fermentable material into the hindgut, which explained their high rate of late VFA appearance, although the exact relationship between the two factors cannot be established for the reasons mentioned above.
The energy supply from the digestive tract was thus a two-phase process: early intense absorption of RS was followed by the later and less intense absorption of VFA, which, thus, helped to bridge the energy gap. The exact physiological significance of this phenomenon is worth investigating.
